DNA decamers containing 2-aminoadenosine were synthesized. Oligonucleotide duplexes including the 2 NH2A-T base pairs were prepared and their Tm profile examined. Contrary to expectation, elevation of the Tm value by the 2 NH2 group is very small in DNA/RNA duplexes. From the CD spectra measurement, we assume that the distortion of the B-DNA structure caused by scattered DNA/RNA base pairing diminishes the efficient hydrogen bonding and base stacking of the duplexes. It was also found that the DNA duplexes containing 2-aminoadenosine hybrids are considerably resistant to ribonuclease T2 or nuclease PI digestion.
Introduction
Short synthetic oligodeoxynucleotide probes predicted from the amino acid sequence of a protein, are commonly used to screen gene libraries. However, owing to degeneracy in the genetic code, it is often necessary to synthesize a large number of oligonucleotide sequences containing all the possible combinations of a triplet codon. These oligonucleotides are synthesized more commonly as a complex mixture. During the solid phase synthesis of the mixed probe, the purification of the mixed probe, and the setting of suitably stringent hybridization conditions there are considerable troubles to overcome.
Recently, a solution to each of these troubles has been demonstrated [1] [2] [3] [4] , but still some essential problems remain: in many cases, tetra-or pentapeptide sequences are used to predict the probe sequences, and occasionally the predicted probe sequences have a repeat of AT-rich codons. In such cases, the mixed probes may become ineffective, since such short duplexes with AT-rich base pairs were significantly unstable.
The replacement of the adenine base by 2-aminoadenine in polynucleotide complexes generally stabilizes the duplex structure significantly. The stabilization is assumed to result from the formation of 2-aminoadenine-uracil (or -thymine) base pairs possessing three instead of two hydrogen bonds [5] . Interest in such molecules has been stimulated by the recent finding that the DNA of cyanophage S-2L contains exclusively 2-aminoadenine in place of adenine [6] and by speculation about the role of the 2-amino group of the purine ring in the transition from B to Z DNA [7] . A recent report also shows that poly dA' (A' = 2-aminoadenylic acid) forms stoichiometric complexes with poly T and poly U respectively and interaction between poly A' and poly C cannot be observed [8] . We thought that DNA probes in which each adenine is substituted by 2-aminoadenine might perform a more stable hybridization than the intact DNA sequence owing to the additional stabilization afforded by the 2-amino group.
Gaffney et al. [9] reported the synthesis of N 6 -benzoyl-N : -isobutyryl-2-amino-2' -deoxyadenosine via N 2 ,0 3 ,0 5 -tributyryl-2'-deoxyguanosine and its fully protected nucleoside. The glycosidic linkage of 2-amino-2'-deoxyadenosine is extremely weak to acid. During the synthesis of the oligonucleotide containing 2-amino-2'-deoxyadenosine, the detritylation should be carried out at mildest reaction conditions even when ZnBr 2 is used. Therefore, incomplete cleavage of the trityl groups should be accepted. As an improved method, Igolen et al. [10] reported the incorporation of a triazolo-2'-deoxyguanosine derivative during the synthesis of a specific DNA sequence and its conversion to 2-amino-2'-deoxyadenosine or 2'-deoxyguanosine at the oligonucleotide level. This type of conversion, although effective at the nucleoside level, seems to be difficult to control in the case of the oligomer. It is well understood that the glycosidic bond of the purine ribonucleoside is more stable than that of the corre-sponding 2'-deoxynucleoside. Moreover, Kempe et al. [11] have recently reported that DNA oligomers containing a ribonucleotide (DNA/RNA hybrid) cause the elevation of the Tm value to a certain extent in comparison to the corresponding DNA oligomers. Miles et al. [12] reported that elevation of the Tm value by the 2-amino group is much smaller in the deoxy than in the ribo series. For these reasons, the DNA/RNA hybrid oligomers containing 2-aminoadenosines appear to be suitable for DNA cloning.
Experimental
Material te/t-Butyldimethylsilyl chloride (Shin-etsu Silicon Chemicals, Japan), dimethoxytrityl chloride, pchlorophenyl phosphodichloridate, 2,4,6-trimethylbenzensulfonyl-3-nitrotriazolide (Dojindo Laboratories, Japan), 1MTBAF in THF, dimethylaminopyridine (Aldrich Chemical Co., USA) were purchased commercially. Fully protected dimer units, /3-cyanoethanol and other reagents were obtained from Wako Pure Chemical Industries, Ltd., Japan. The polystylene support with 1% cross linkage was purchased from Bachem AG, Switzerland. Kiesel gel 60 (E. Merck Co., FRG) was used for silica gel column chromatography.
Ribonuclease T2 and bacterial alkaline phosphatase were purchased from Bethesda Research Laboratories, USA, venom phosphodiesterase (Crotalus durissus) from Boehringer Mannheim Biochemica. FRG, nuclease PI from Yamasa Shoyu Co., Ltd., Japan and T4 polynucleotide kinase from Takara Suzo Co., Ltd., Japan. [y-,2 P] ATP was obtained from Amersham Japan Co., Ltd.
Analytical HPLC was performed on a Gilson's HPLC system apparatus on Nucleosil C 18 (MachereyNagel Co.) reversed-phase column (4.0x250 mm).
Synthesis
Generally, 2-aminoadenosine, which is derived from guanosine via several steps, does not seem to be easily available. However, we have shown that the ring closure of 5-amino-4-cyanoimidazole-l-/3-D-ribofuranoside with phenyl cyanamide in methanolic ammonia gives a mixture of 2-phenylaminoadenosine and 2-aminoadenosine [13] . We stored large amounts of 2-aminoadenosine as a byproduct after large scale productions of 2-phenylaminoadenosine, a potent coronary vasodilator.
In the synthesis of DNA oligomers containing the ribonucleosides, free 2'-hydroxyl groups may cause undesirable migration of the phosphodiester bond. It is necessary to use a 2'-hydroxyl protecting group stable under the usual deprotecting conditions for DNA synthesis. For this purpose, we used tertbutyldimethylsilyl, the most common protecting group in RNA synthesis [ 14] . Fully protected 2-aminoadenosine was obtained by the synthetic route shown in Scheme 1. In this case, we chose the acetyl as the protecting group for amino groups of purine because of the extremely slow hydrolysis of N 2 -isobutyryl group with aqueous ammonia. 2-Aminoadenosine is per-aeetylated and then partially hydrolysed to give N : ,N 6 -diacetyl-2-aminoadenosine (1). We have found that 1 is easily deacetylated with conc. aq. ammonia at 60 °C, making this derivative suitable for DNA oligomer synthesis. After selective protection of the 5'-hydroxyl of 1 with 4,4'-dimethoxytrityl chloride (DMTr-Cl), conversion of 5'-DMTr compound (2) to 2',5'-diprotected compound (3) was readily effected by reaction with rm-butyldimethylsilyl chloride accompanying appreciable amounts of 3'-silyl (4) and 2',3'-disilyl (5) compounds. Each substance was purified on a silica gel column and characterized by Kl C NMR spectroscopy. 2'-Silyl compound 3 is eluted faster than 3'-silyl (4). We also observed the low field shift by ca. 2.0 ppm of the C-atoms adjacent to the silylated hydroxyl group (Table I) , and noticed that 13 C NMR proves a favourable method for determining the silylation positions as shown by Pfleiderer et al. [15] .
The fully protected 3'-0-(4-chlorophenyl)(2-cyanoethyl)phosphoryl compound 6 was prepared from 3 by standard procedure. Using 6, DNA oligomers containing 2-aminoadenosine were synthesized in a similar manner to the usual solid phase triester method [16] . The protected oligomer was removed from the resin by conc. aq. ammonia in pyridine at room temperature for 5 days. Under this condition, the protecting groups on bases and internucleotide linkages were completely splitted, but no elimination of 2'-silyl group was detected. The 5'-protected oligomers having 2'-protected-2-aminoadenosine were purified on a column of reversed phase silica gel. After detritylation with 80% acetic acid, finally removal of the silyl groups was effected by treatment with 1 M TBAF in THF, and the desired products (CGTrA'GCATGC I and CGTrA'GCrA'TGC II) were obtained by reversed phase HPLC purification.
To 2-aminoadenosine (20 g, 70 mmol) in pyridine (350 ml) was added dimethylaminopyridine (DMAP, 4.88 g, 40 mmol) and acetic anhydride (50 ml, 530 mmol); the mixture was stirred a 60 °C for 3 h.
After pyridine was removed, the reaction mixture was decomposed by adding a mixture of water and dichloromethane (300 ml each). The organic layer was washed with 0.5 M KH 2 P0 4 (300 ml) and water (300 mlx2) successively, then the solvent was evaporated. The residue was dissolved with ethanol (280 ml) and cooled in an ice bath. This mixture was treated with 2 N NaOH (260 ml) for 10 min. The reaction mixture was passed through a column of Dowex 50 (700 ml, pyridinium form), and evaporated to dryness. The residue was crystallized from 50% ethanol to give colourless crystals ( 
Compound (1, 7.2 g, 19 mmol) in pyridine (133 ml) was treated with dimethoxytrityl chloride (7.7 g, 22.8 mmol) at room temperature for 3 h. The reaction mixture was concentrated in vacuo. The residue was dissolved in chloroform and purified by silica gel column chromatography (150 g, 5.0x16 cm) using chloroform-methanol elution system to give a foamy material (8.0 g, 63%). 'H NMR (d 6 chloride (2.26 g, 15 mmol) and imidazole (2.04 g, 30 mmol) at room temperature. After 3 h. the reaction mixture was decomposed with a mixture of water (30 ml) and dichloromethane (60 ml). The aqueous layer was re-extracted with dichloromethane (15 mlx2). Evaporation of the combined organic layer in vacuo yielded a gum, which was dissolved in ether (10 ml). The solution was added to petroleum ether (20 ml) under stirring. The precipitates were collected, dissolved in chloroform, and chromatographed on a silica gel column (130 g, 5.0x14 cm) using a chloroform-aceton elution system. The pure 2'-terf-butyldimethylsilyl isomer (3, 1.32 g, 17%) , the 3'-isomer (4, 1.53 g, 20%), and 2',3'-disilylated derivative (5, 1.46 g, 15%) were produced. The structures of the isomers were confirmed by comparing their 13 C NMR spectral data. 1,2,4-Triazole (176.8 mg, 2.56 mmol) was added to a pyridine solution (1 ml) containing the 2'-tertbutyldimethylsilylated 2-aminoadenosine (3, 500 mg, 0.64 mmol) at room temperature. p-Chlorophenyl phosphorodichloridate (210 ,wl, 1.28 mmol) was then added immediately and the reaction mixture was stirred for 10 min to complete the phosphorylation reaction as determined by TLC on a silica gel plate (chloroform-methanol 10:1 v/v), ß-Cyanoethanol (367 ju\, 5.23 mmol) was then added and after further stirring for 2 h at room temperature the reaction mixture was decomposed by adding water containing 50% pyridine. The solution was extracted with dichloromethane and the organic layer was washed with water, which was removed with sodium sulfate. Evaporation of the solvent in vacuo gave a gummy residue, which was purified by short column chromatography (LiChroprep RP-8, E. Merck Co., 15 g, 3.5x3 cm) using a aceton-water elution system. Fractions containing the desired product were concentrated. The residue was dissolved in dichloromethane and after the solution was slowly poured into /j-pentane with stirring. 6 was precipitated as an amorphous powder (473 mg. 72% 
Selective removal of the ß-cyanoethyl group from the fully protected ribonucleotide (6)
The fully protected ribonucleotide (100 mg. 0.1 mmol) was dissolved in triethylamine-pyridinewater (1:3:1 v/v, 1 ml) and kept at room temperature for 15 min. After the reaction was completed, the solvent was removed in vacuo and the residue was co-evaporated with pyridine (3 times). The product was then lyophilized from 1,4-dioxane to yield a white powder.
Oligonucleotide synthesis
(i) CGTrA'GCATGC (I): All operations were performed by reaction vessel fitted with a frit and a stopcock.
Detritylation of the polystylene-bound material was accomplished by two 1 min treatments at room temperature with 3% trichloroacetic acid in dichloromethane (1 ml), alternating with washes by dichloromethane. The resin was further washed with three portions of dry pyridine and dried twice by coevaporation with pyridine.
To the dried polystylene-bound oligonucleotide was added a solution of the appropriate dimer or monomer (20-40 mg) in dry pyridine, the mixture was co-evaporated with pyridine. A solution of MSNT (25-50 mg) in dry pyridine was added to the resin, and the reaction was allowed to proceed at 40 °C for 20 min. The excess reagents were removed by filtration and the resin was washed with two portions of dry pyridine. Unreacted sites were capped by treatment with 10% acetic anhydride in dry pyridine containing 0.1 M DMAP for 3 min. The resin was then washed with two portions of dry pyridine and three portions of dichloromethane.
The average yield per coupling step, as determined by spectrophotometric analysis of the filtrates obtained upon detritylation, was about 93%.
(ii) CGTrA'GCrA TGC (II): Synthesis was performed by the same method described above, except that N 2 was passed through the resin before adding the phosphotriester and the condensation reaction was allowed to proceed at room temperature for 40 min. The average yield per coupling step was about 94.5%.
Deprotection and purification of oligonucleotide
The polystylene-bound oligonucleotide was treated with conc. aq. ammonia-pyridine (3:2 v/v, 3 ml) at room temperature for 5 days. The mixture was filtered and the resin was washed with 70% pyridine (2 ml) and water (2 ml). The combined aqueous solution was concentrated in vacuo and the re-tracted with ether (3 times). The aqueous layer was then concentrated and the residue was purified on RP-ODS silica gel column (Yamamura Chemical Lab., Co., Ltd., Japan, 1.5x5 cm) using 10-40% CH^CN: 0.1 M TEAA as eluent. The product fractions (CGTrA'GCATGC I; 15% CH,CN: 0.1 M TEAA: CGTrA'GCrA'TGC II; 20% CH 3 CN: 0.1 M TEAA) were combined, concentrated and desilylated by treatment with 1 M TBAF-THF (100 p\) at room temperature for 1 h. The mixture was desalted and purified on a DEAE Toyopearl 650 S ionexchange column (Toyo Soda MFG, Co., Ltd., Japan, 10 ml, 5.0x7 cm) using a gradient of 0.1-0.2 M NaCl: 20 mM Tris-HCl (pH 7.0) containing 7 M Urea (total volume 160 ml) (Fig. 2) . The product fractions were combined, desalted, and concentrated.
General procedure for enzymatic degradation
(i) Using Nuclease PI and Alkaline Phosphatase: To a solution (1.0 OD 2 6o) of the oligonucleotide in 95 p\ of 0.02 M aqueous ammonium acetate (pH 5.0) was added 5 p\ of nuclease PI (1 mg/ml). The sample was stored at 37 °C. After 3 h, to the reaction mixture was further added 5 p\ of alkaline phosphatase (50 U/ml), 12 p\ of 0.5 M TEAB (pH 7.0); the mixture was stored at 37 °C for 3 h. The enzymes were removed by ethanol-precipitation Fig. 2 . Analytical HPLC of crude II before the final purification, using a reversed phase silica column with 12 to 33% gradient described in Fig. 1 (left) , and the purification pattern (right) of II on DEAE Toyopearl 650 S ion-exchange column chromatography in which the pure product were obtained from the combined fractions between the dashed lined as indicated.
sidue was chromatographed on a short column of reversed phase (RP-8) silica gel. The product was treated with 80% acetic acid (2 ml) at room temperature for 30 min (Fig. 1) . The solution was concentrated, water was added, and the mixture was ex- and membrane-filtration. The digestion mixture was analyzed with reversed phase HPLC.
(ii) Using Venom Phosphodiesterase and Alkaline Phosphatase: To a solution (1.0 OD 260 ) of oligonucleotide in 85 //I of 0.2 M TEAB (pH 7.5) was added 10 iu\ of snake venom phosphodiesterase (1 mg/ml) and 5 //I of bacterial alkaline phosphatase (50 U/ml). The sample was stored at 37 °C for 4 h, and inactivation of the enzyme was accomplished by heating at 100 °C for 5 min. After the enzymes were removed, the digestion mixture was analyzed with reversed phase HPLC.
(iii) Using Ribonuclease T2: The 5'-labeled oligonucleotide in 49 of 0.05 M NaOAc (pH 5.3) was incubated with 1 fj\ of ribonuclease T2 (35 U/td) at 37 °C for 2 h. The mixture obtained upon digestion was analyzed with 15% Polyacrylamide gel electrophoresis (PAGE).
Analysis of the degradation products
Degradation with venom phosphodiesterase and bacterial alkaline phosphatase gave the expected ratio of 5'-nucleosides in reversed phase HPLC, while nuclease PI could not completely digest the oligomers under using large amounts of enzyme (Fig. 3) . Ribonuclease T2 digestion of the oligomer having single 2-aminoadenosine (sequence I) resulted in an uncomplete hydrolysis showing the doublet bands corresponding to the sequence possessing 3'-terminal 2-aminoadenosine on PAGE. The doublet might consist of 3'-phosphate and 2',3'-cyclic phosphate as a hydrolysis intermediate (Fig. 4) .
Melting temperature measurement of the duplexes
The temperature at which the relative change of absorbance is equal to 50% is designated Tm.
Samples consisting of approximately 0.3 OD 260 unit of single-stranded oligonucleotide were dissolved in 0.3 ml of 1 M NaCl. Equal volumes of parent (GCATGCTACG) and complementary strand, native and modified, where then mixed and annealed at 100 °C to give approximately 0.6 OD 260 unit of duplex in each case.
Profiles of absorbance vs. temperature were measured at 260 nm on a Gilford 250 spectrophotometer. The rate of temperature increase was 1 °C/min.
CD spectroscopy
The CD spectra of duplexes dissolved in knownconcentrations of NaCl were recorded at 20 °C on J-20A Automatic Recording Spectropolarimeter (JAPAN SPECTROSCOPIC Co., Ltd.). 
Results and Discussions
The duplex (I) formed by the sequence I with its complementary strand (GCATGCTACG) has a Tm of 55 °C compared with a Tm of 53 °C for the intact duplex (III). From other data, it is apparent that one base-mismatching in our intact duplex causes the considerable destabilization [17] with reduction in the Tm >9 °C. Accordingly, the observed improvement of the Tm value is attributed to the 2NH 2 A-T pair. Although we expected an additional stabilization afforded by two 2-aminoadenosines, the Tm difference between duplex (I) and duplex (II) in which the strand contains one and two 2-aminoadenosines, respectively, seemed to be negligible (Fig. 5) . It is shown that DNA/RNA duplex is formed only in Atype conformation. In contrast, DNAs can adopt several other conformations, i.e. the chameleon-like adaptable character, depending on environmental conditions [18] . For instance, a self-complementary r(GCG)d(TATACGC) can form a duplex that has three DNA/RNA base pairs at either end of the duplex and a central segment of four DNA/DNA base pairs. X-ray analysis of this hybrid decamer showed that all three parts of the duplex adopt an A-type helix and there is no obvious discontinuity between ribo and deoxyribo sections in the duplex. It is thought that the unusual A helix structure of the central four DNA/DNA base pairs is due to the influence of the DNA/RNA pairing segments at either end of the duplex [19] . In the case of our hybrid, however, the region of DNA/RNA pairing is too short to force the whole geometry on the duplex in an A-type conformation favourable to the DNA/ RNA pairing. Therefore, the overall conformation would be defined with the predominant DNA/DNA helical structure, the B form being most common.
The CD spectra of the duplex (III) at 1 M and 5 M NaCl showed the regular B-type spectra. In contrast, the duplex (II) showed a remarkable change in the CD spectra pattern having a weak negative band in the longer wave length region and the depressed band at short wave length region, while in the duplex (I) a indistinct transitional change was observed (Fig. 6a) . It is well-known that the negative band in the longer wave length region is characteristic of ZDNAs, but the negative magnitude in the CD spectra of the duplex (II) are not changed by an increase of NaCl concentration (Fig. 6b) , unlike the saltinduced conformational transition in the Zform. Recently Ueda et al. reported unusual Z-DNA-like CD spectra having the salt effect different from those of Z-DNAs [20] . Thus we can assume that the substitution of 2'-deoxyadenosines in DNA duplexes with 2-aminoadenosine induce some deformation of the B-type structure into a new type of Z-DNA-like conformation cancelling the elevation of the Tm value by the 2NH 2 A-T base pairing.
In spite of the reported stabilization of the DNA duplex by the ribonucleotide substitution [11] and the predicted efficacy of hydrogen bonding using 2 NH 2 A-T pair, 2-aminoadenosine was not effective in our case of "hybrid probe". The "RNA probe" is more effective in hybridization than the "DNA probe", and recently in vitro RNA probe preparation method [21] has been developed. However, the substitution of 2-aminoadenosine for adenosine in the "synthetic short RNA probe" might become useful in the field of gene cloning after development of an improved solid phase method for RNA oligomer synthesis. 
